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ABSTRACT

Species invasions are of critical concern due to their significant impacts on
ecosystems and social economies, of which aquatic invasive species (AIS) often pose
significant challenges in their control and management, notably because of difficulties in
early detection. Environmental DNA (eDNA) provides a promising tool in advancing the
detection of newly introduced aquatic organisms because of its high sensitivity and ease
of use compared to traditional capture-based methods. Although eDNA-based methods
are increasingly used worldwide, especially in aquatic ecosystems, most studies focus on
a limited number of target species despite a pressing need for broad taxonomic
monitoring for conservation and management. In this thesis, I developed and applied an
approach that capitalizes on a combination of high-sensitivity PCR primer sets and highthroughput sequencing (HTS) to detect 69 aquatic invasive species. This hybrid approach
is defined as “targeted metabarcoding”. The sensitivity of the 128 primer sets ranged
between 2.8×10-4 ng and 4.8 ng, and the inclusion of interfering plankton eDNA reduced
the sensitivity by an average of approximately an order of magnitude. My targeted
metabarcoding resulted in the detection of > 97% of the AIS spiked into eDNA samples,
and the number of HTS reads had a significantly (P < 0.002) positive relationship with
the amount of spiked DNA. I then applied this approach to eDNA collected at eight
Canadian ports or harbors to detect potential invaders; 38.6% of anticipated species from
our 69 were detected. This fast, high-sensitive, and relative cost-saving approach can be
used to detect AIS at early invasion stages, which will contribute to routine aquatic
invasive species detection globally.
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CHAPTER 1: GENERAL INTRODUCTION

Invasive species are those introduced from outside their native areas that are able to
not only sustain a viable population but also expand beyond their initial introduction
location and contribute to either ecosystem and/or economic harm (Prentis et al., 2008).
These species often threaten the diversity or abundance of native species, and hence the
ecological health of affected ecosystems, during their spread (Molnar et al., 2008).
However, the impact of invasive species is not like chemical pollution, which can break
down and be eliminated over time as part of their half-life dynamics in ecosystems
(Imgrund, 2003). Rather, invasive species are able to reproduce, evolve, and spread,
which may lead to changing and increasing ecological and economic problems over time
as the invasive species evolve (Tilman, 2004). Thus the environmental impact of invasive
species results in high and potentially growing, control, and remediation costs (Pimentel
et al., 2005). Finally, invasive species can cause serious economic losses in agriculture,
forestry, fisheries and other sectors (Pimentel et al., 2005). For example, invasive species
cost over $1.288 trillion USD totally in economic activities from 1970-2017 (Diagne et
al., 2021). Aquatic invasive species (AIS) have similar effects and also affect sportfish,
leading to global losses of over $100 million every year (Lauber et al., 2020). Worldwide,
AIS have already cost US $345 billion in total, and over US 23$ billion in 2020 alone
(Cuthbert et al., 2021).
Aquatic invasive species are a subgroup of non-native species which impact aquatic
ecosystems specifically and pose particularly complex challenges (Havel et al., 2015).
For example, AIS detection differs from detection of terrestrial and aquatic invasive
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species. First, visual identification of AIS is more difficult in aquatic ecosystems due to
the inherent difficulty for humans to observe underwater processes, coupled with the
volume of water on the planet. Second, human activities have significantly increased the
pace at which aquatic species are carried between locations. A source of particular
concern for AIS transfer are large transport ships that frequently load and discharge
ballast water among ecosystems on continental and global scales (Barth et al., 2002). For
example, zebra mussels (Dreissena polymorpha) and quagga mussels (Dreissena
rostriformis bugensis), native to the Ponto-Caspian region (Ricciardi & MacIsaac, 2000;
Son, 2007), were most likely carried from Europe to North America in ballast tanks and
have resulted in serious ecological and economic harm to the Great Lakes (Hecky et al.,
2004; MacIsaac, 1996; Ricciardi & MacIsaac, 2000). They have impacted drinking water
treatment and electric power generation facilities, costing ~267 million dollars from 1989
to 2004 alone (Connelly et al., 2007). Also, AIS can exhibit substantial secondary
invasion (potential spread) if there are mechanisms to facilitate their dispersal, for
example, travel by water currents in their pelagic life stage (Beletsky et al., 2017), or
transfer in bait buckets (Ludwig Jr. & Leitch, 1996). On the other hand, some AIS are
relatively confined to their destination harbor, or spread at a relatively low rate, for
example, the Harris mud crab (Rhithropanopeus harrisii) was limited to the lagoons near
the Panama Canal (Roche, et al., 2009).
Early detection is a critical and fundamental component to the management and
remediation of AIS, as early in the invasion process is the best stage to manage AIS
(Vander et al., 2010). Therefore, it is highly desirable to detect invasive species before
they become established or have spread. Traditional AIS detection was based on field
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surveys; however, while capture and visual identification worked in some circumstances,
the lag-time between successful capture, the completion of laboratory work, and formal
reporting in scientific journals may be substantial (Trebitz et al., 2017). Automated visual
identification technologies, such as the FlowCam (Particle Analysis with Vision Fluid
Imaging Technologies, INC, Scarborough, ME, USA), have been implemented to
monitor microscopic AIS by comparing images of organisms against a library of images
(Gates, 2015). While such technologies provide faster processing timelines, they are
limited to documenting AIS within a narrow size range, i.e., zooplankton and
phytoplankton. Furthermore, such technologies can be time-consuming to use, building
suitable image libraries can be expensive, and it has limitations for detecting species at
low abundance (Buskey & Hyatt, 2006; Johansson et al., 2020). In contrast, a genetic
approach can be an efficient method for detecting the presence of specific DNA
sequences from the target species present in the water column, including when the target
species is present at low abundance (Marshall et al., 2021).
Environmental DNA (eDNA) detection techniques developed for biodiversity studies
have been widely applied to the detection of invasive species in aquatic environments.
Environmental DNA is DNA extracted from environmental samples, the source of the
eDNA can include tissue/DNA shed from a living organism, the entire body of small size
organisms (e.g., plankton), or decomposing remains (Harrison et al.,
2019).Environmental DNA provides tremendous potential for AIS detection when it is
combined with molecular genetic technologies. For example, one project developed 12
species-specific assays to detect 13 AIS in bulk water samples taken Canada-wide (Roy
et al., 2018). Similarly, another study compared Biomeme technology (field based qPCR
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detection) and bench qPCR for detecting AIS using eDNA samples (Thomas et al., 2020).
In addition, a project detected Ectopleura crocea (Hydrozoa: Anthoathecata) in 35
Korean harbors using eDNA analyses (Kim et al., 2020). However, possibly the single
greatest advantage to eDNA for AIS detection is the identification of presence (or
absence) without having to collect, or identify, the target species (Herder et al., 2014).
Additionally, eDNA is not stable in the environment; eDNA starts degrading after 2
hours, and while in can retain >99% of its initial concentration after 3 days, after 11 days
there is typically less than 20% of the original concentration (Pilliod et al., 2014). Due to
this characteristic, which is a relatively short time for viable eDNA, it is a reliable
indicator of recent (weeks) presence of the species in the environment. The application
of eDNA analysis for AIS detection (and quantification) has become widespread, with
two primary eDNA analytical approaches: species-specific and metabarcoding.
Next Generation Sequencing (NGS) or High Throughput Sequencing (HTS) is an
efficient method to characterize all sequences PCR amplified using “universal” genetic
markers when metabarcoding eDNA. Metabarcoding using HTS can provide evidence of
not only the presence, but also the relative abundance of AIS because the number of
target DNA sequences can reflect the initial relative concentration of the target DNA
(Hoshino et al., 2021); however, qPCR is also an outstanding and a more quantitative
way to detect species, but it detects only one species at one time. However, in most cases,
HTS is a better approach because it can complete multiple millions of reads at once
(Hoshino et al., 2021). Overall, HTS is a faster and relatively cheaper approach compared
with qPCR. Furthermore, metabarcoding using HTS is a reliable approach as it provides
the base pair sequence from all PCR amplicons from the samples, which means it reduces
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false positives (type I error) and false negatives (type II error). Compared to qPCR,
conventional (or “end point”) PCR is less sensitive, which has resulted in its muchreduced usage now. The most common application of eDNA detection for AIS is
currently qPCR; however, metabarcoding is becoming more common for AIS detection.
qPCR is preferable over conventional PCR for single (or a few) AIS detection because
qPCR is more sensitive and is quantitative (Thomas et al., 2020). In addition, qPCR is
preferred over metabarcoding for single-species AIS detection because it is more
sensitive and more quantitative for specific target species since it uses primer pairs
specifically designed for high sensitivity for the target species. Developing AIS eDNA
metabarcoding is more time efficient as it does not require species-specific assays for all
target species. For this project we developed a hybrid approach, targeted metabarcoding,
where we developed highly efficient PCR primers for each target AIS. However, our
primers provided efficient amplification of target species DNA, but we did not test the
primer sets for amplification of other related species. That is, our primer sets were
optimized for the target species, but not technically species-specific primers (which is
technically difficult to do for many AIS due to limited sequence data from related
species). Species-specific primers are those primers that only amplify the target species
and will not amplify any other species, even congeners. We then used eDNA from a
single sample with each targeted primer set, combined the amplicons and used HTS to
identify the amplified AIS, thus allowing detection. Detection signal strength (and hence
detection confidence) is reflected in the relative number of recovered sequences. This
approach allows positive identification through full amplicon sequence data, high
throughput using metabarcoding, but avoids PCR bias as each target species primer sets
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have been optimized. For primer optimization, we explored annealing temperatures and
Mg2+ concentration for each primer set.
Environmental DNA-based metabarcoding involves careful field sampling combined
with advanced molecular genetic lab analyses. A key component in eDNA metabarcoding
(or qPCR) is the choice of the molecular genetic marker that is amplified via PCR and is
used to address ecological and evolutionary questions (Davey et al., 2011). The choice of
the genetic marker (i.e., gene fragment) depends on the goal of the project, and often,
new markers must be developed for novel applications. We focused on designing genetic
markers based on the mtDNA regions CO1 (Cytochrome oxidase 1), CytB (cytochrome
b) and D-loop (control region). Compared to genomic DNA, mtDNA is ideal for this
project, especially CO1, CytB and D-loop, as it is highly conserved DNA (Black et al.,
1994). DNA from these mitochondrial regions is unlikely to vary among individuals of
the same species, but have likely diverged among species (Jiang et al., 2020). Once the
target gene region is selected, the development and validation of the primers is the next
critical step for maximizing sensitivity to minimize false negatives and minimizing nonspecific amplification to minimize false positives. To minimize false negatives and false
positives, all new primer sets should go through sensitivity and interference tests of PCR
amplification. The final test was a blind test, which simulates a real environmental
sample but with known target species composition (however, it is critical that the
composition be unknown the lab personnel, hence “blind” test). Such a blind test
provides confidence for applications of the assays. The combination of these protocols
will result in robust and repeatable detection outcomes (Fig. 1.1).
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The objective of this thesis was to develop and apply reliable, fast, and inexpensive
molecular genetic tools to identify the presence and relative abundance of specific
potential AIS that have been evaluated as being high risk invaders globally. While the
focus of this project is on AIS, it should be note that the targeted metabarcoding protocol
is equally applicable to detecting suites of rare native species, and even routine ecosystem
monitoring of community composition. The two data chapters describe the development
and validation of the protocols followed by applications of the protocols to marine and
freshwater eDNA samples.
In Chapter 2, our goal was to design two separate eDNA PCR assays for each of 69
selected AIS (39 fishes and 30 invertebrates) and to validate those markers. To validate,
we performed sensitivity analyses using serial dilutions of target species DNA and
interference analyses using the same dilution series but spiked into real eDNA samples to
better estimate the actual estimated primer sensitivity, as other DNA and naturally
occurring compounds can interfere with target species DNA PCR amplification. For the
sensitivity and interference tests, each primer set was tested on their own. After that, a
blind test was performed by spiking target AIS DNA into freshwater eDNA to assess the
reliability and accuracy of the assays.
Our goal in Chapter 3 was to apply the validated genetic markers with eDNA samples
collected from 8 different locations (fresh- and saltwater harbours) across Canada. As
mentioned above early detection is the second and key step of AIS management (e.g.,
Blackburn et al., 2011). We applied the 138 primer sets (2 marker loci for each species)
designed for the 69 AIS which are considered as high-risk invaders globally, and
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compared the detection outcomes to reported and expected presence/absence for the
target species.
This project contributes to effective AIS detection and quantification to help map and
monitor the distribution of AIS around the world. The 69 target species are not only of
concern in Canada, but most of the species are considered as high risk worldwide.
Second, our novel “hybrid” detection approach (i.e., Targeted Metabarcoding) is different
from traditional metabarcoding and provides significant benefits over universal primer
metabarcoding as well as single-species qPCR. Our protocols and primers can be used to
monitor aquatic systems for early invasion detection to improve AIS management
globally, but other applications are certainly possible.
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Figure 1.1 Genetic marker development diagram. This diagram shows the steps to
develop a new primer with primer validation.
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CHAPTER 2: DEVELOPMENT AND VALIDATION OF TARGETED
ENVIRONMENTAL DNA (eDNA) METABARCODING FOR EARLY DETECTION
OF 69 AQUATIC INVASIVE SPECIES (AIS)

2.1 Introduction
Species that are introduced outside of their native region, are able to expand their
range, and cause ecological and/or economic problems are defined as invasive species
(Prentis et al., 2008), while aquatic invasive species (AIS) are invasive species which
colonize aquatic habitats. AIS are known to threaten the diversity and abundance of
native species and, more generally, the ecological health of habitats they invade (Laverty
et al., 2017; Molnar et al., 2008; Strayer, 2010). Early detection is a foundational and
critical component of AIS prevention, containment, and control efforts; thus, many
researchers have explored early detection approaches (Kim, et al., 2018; Trebitz et al.,
2017). Highly effective detection methods are particularly critical for early detection of
AIS, since detecting rare aquatic species is logistically difficult (Huntzinger et al., 2019).
This is partly due to the lag time for introduced species to increase their population size many AIS do not increase their population rapidly right after introduction, and they need
a long time period to reach their final population size (Crooks & Soule, 1999). This lag in
AIS population size is a challenge for traditional early detection technologies since
populations may remain low for some time, but good for response efforts because it
provides a period when early response may be able to remove or limit introduced species
before they become AIS.
There are visual methods to detect and monitor invasive species in aquatic system,
such as direct observation by snorkel/scuba surveys (Latzka et al., 2015). However, such
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methods impact the sampled habitat and are not effective in detecting rare of cryptic
species. Furthermore, to recognize some invasive species requires taxonomic skills that
may be hard to access in a short term. There are also some automated visual methods of
detection, such as underwater cameras (First et al., 2021) and FlowCam® (Particle
Analysis with Vision Fluid Imaging Technologies, INC, Scarborough, ME, USA), a
promising technology to monitor zooplankton (Johansson et al., 2020; Gates, 2015)
which was developed to address some of the limitations of the traditional technologies.
However, there are some limitations of using underwater cameras and Flowcam; they are
time-consuming and costly, plus they rely on taxonomic identification abilities and work
best with high species densities (Angelov et al., 2016; Xiong et al., 2020). Recently
genomic-based methods for aquatic species detection have emerged. Specifically,
environmental DNA (eDNA) analyses have been developed as a powerful method for
early detection of AIS, compared to traditional approaches (Ficetola et al., 2008).
Environmental DNA (eDNA) as defined here is genomic DNA fragments from the target
species, generated by shedding body fluids and dissociated cells or even genomic DNA
itself in the environment. Since all species shed their DNA, eDNA can be extracted from
diverse environmental samples (Bohmann et al., 2014). In addition, eDNA is indirect,
needing only a water sample, thus it has little impact on the ecosystem, nor does it require
that the AIS be actually captured or observed. Because of this, eDNA is a safe and
efficient way to monitor AIS and is revolutionizing early detection of AIS.
There are two main types of eDNA analyses used for AIS; species-specific qPCR
assays and metabarcoding. Species-specific assays must be developed such that only the
target species will be PCR amplified; for example, one study designed qPCR assays for 9
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aquatic invasive invertebrates and applied the suite of assays to eDNA samples from
eastern Canada (Leblanc et al., 2020). Metabarcoding, on the other hand, uses “universal”
PCR primers and high-throughput sequencing (HTS) to identify the amplicons to species
for an entire community. An example of this approach is metabarcoding on eDNA
samples from 8 bays of Biscay Ports where the researchers found three invasive
invertebrates (Borrell et al., 2017). qPCR is sensitive and highly quantitative (Leblanc et
al, 2020); however, only one species can be detected. In contrast, many species can be
detected at one time by using metabarcoding (Deiner et al.,2017), however, it requires
HTS and the results can suffer from PCR primer bias (Deiner et al.,2017). While both
have advantages and limitations, a hybrid approach might be the best. We developed
“targeted” metabarcoding for AIS detection and monitoring. This hybrid approach can
detect multiple species at once, yet the species-optimized PCR primers avoid issues of
PCR amplification bias.
Since AIS are becoming a more serious issue globally, we need an eDNA tool to
detect early-stage aquatic invasions in an efficient manner. The goal of this project was to
develop and validate an efficient, relatively low-cost, sensitive AIS eDNA detection
method for 69 AIS (30 invertebrates and 39 fish) which have been identified as being
globally high-risk potentially invasive species. However, the value of eDNA assays for
AIS detection depends critically on its type I (false positive) and type II (false negative)
error rate. We designed two independent primer sets for each species to reduce type I and
type II errors. To build a successful molecular marker based AIS detection assay, the
markers must go through two different processes: sensitivity analysis and interference
assessment. Sensitivity analysis ensures adequacy sensitivity for the PCR assays and
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hence reduces the type II error rate. An interference assessment is used to simulate actual
field-collected eDNA environments to reduce both type I and II error rates in AIS
detection. Therefore, our “targeted metabarcoding” eDNA analysis approach is novel and
is able to replace traditional early detection monitoring as it is fast, low cost with high
detection sensitivity across all 69 AIS. Our targeted metabarcoding approach will
contribute globally to AIS detection and management.

2.2 Materials & Methods
2.2.1 Target AIS Selection
The target AIS used for this study were selected using multiple criteria that resulted in
a diverse list of fish and invertebrates that are of high invasion concern across multiple
regions of the world. Unlike other studies that have focused on restricted groups of
interest (e.g., a few closely related species (Jerde et al, 2011; Leblanc et al., 2020)), the
AIS list selected here covers a wide range of species from both marine and freshwater
environments, with a diverse array of vertebrates and invertebrates. First, we identified
127 potentially high-risk aquatic invasive species from multiple sources, including
government agency reports, academic research projects, and region-specific species lists.
Second, only those species which were already invasive, or were considered as a high
risk to become invasive in the near future were included. Third, we required tissue
samples for each species as positive controls and to test primer set sensitivity and
interference effects. Fourth, DNA sequences for at least two informative mitochondrial
regions were required (from established sequence databases such as GenBank and
Barcode of Life) for primer development - we set a minimum requirement of two
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independent sequences. At the end of this selection process, the final list of target species
was 69 species (39 fishes and 30 invertebrate species; see Table 2.1 for full list)
2.2.2 Primer Design
Our goal was to design primer sets to PCR amplify mitochondrial DNA regions of the
selected AIS with high efficiency; however, we were not concerned with cross-species
amplification as the targeted metabarcoding approach allows species-specific
identification after amplification by HTS. We designed primers for the 69 selected AIS
based on highly-conserved mitochondrial DNA regions (Goldberg et al., 2011) with
sufficient DNA sequence variation and data to allow positive identification of the target
species based on amplicon sequence. For each species, we designed two primer sets; the
target regions included COI (Cytochrome oxidase I) and one of COII (Cytochrome
oxidase II), CytB (Cytochrome b), D-loop, 12S or 16S. Using Geneious (R9 v. 4.8.5),
multiple mitochondrial DNA region sequences were gathered for each species and
aligned. The primer sequences were located in areas in which DNA sequences from
different individuals within the target species were highly conserved, and each primer set
was designed to amplify a DNA segment approximately 300-350 bp (base pairs) long to
facilitate HTS metabarcoding (Akankunda et al., 2020). PCR conditions for each primer
set were optimized; specifically, a range of annealing temperatures and Mg 2+
concentrations were tested and optimal conditions were chosen based on the clarity and
brightness of the bands on 2% agarose gels (See Table 2.1). We used the lowest
acceptable Mg2+ concentration to limit non-target annealing (Ahsen et al., 2001).
2.2.3 Primer Validation
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Sensitivity assessment for each primer set was performed to identify the lowest DNA
template concentration that reliably amplified a visible band on an agarose gel. We
determined benchmark DNA template (DNA extracted from supplied tissues)
concentration using a NanoVueTM spectrometer (GE Health), followed by 10-fold serial
dilutions (ddH20 as a solvent to dilute DNA) of template DNA. Each concentration was
PCR amplified at the optimized conditions in three replicates. “Successful” amplification
was determined by a minimum of two of the three replicates producing a visible band on
a 2% agarose gel and the template DNA concentration at the last successful PCR
amplification was et as the “sensitivity” for that primer set.
In addition to the sensitivity analysis, we tested the potential effect of eDNA
interference on the PCR amplification for all primer sets. These tests were designed to
simulate AIS detection in a mixed eDNA sample. We mixed target species DNA with
diluted eDNA extracted from Churchill, Manitoba harbor zooplankton samples to test
interference effects on each primer set. In the interference analyses, we used the lowest
concentration of the target species DNA for successful amplification from the sensitivity
test with interfering eDNA. If the interference PCR was successful at that dilution level,
no interference was present, and the test sensitivity was recorded. If the interference PCR
was not successful, we used the next highest concentration in the dilution series until a
successful PCR was achieved, and that concentration was recorded as the “interference
sensitivity”.
2.2.4 Targeted metabarcoding blind test
To test the efficacy of our targeted metabarcoding assays, we designed a blind trial
for our primer sets. We used diluted zooplankton eDNA samples (10% eDNA in water)
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and spiked them in different amounts into interfering zooplankton eDNA, as described
above. We combined DNA from various target species in various amounts to generate 10
different mixed AIS eDNA cocktails (total volume ~200 μL). Th
e identity and number of AIS, as well as the amount of DNA spiked, were unknown
to the researcher performing the tests. The 10 blind test samples were first PCR
amplified using our 138 mtDNA PCR primers followed by metabarcoding with HTS. We
also used ddH20 instead of spiked sample solution as a blank control. After PCR, we
cleaned the amplicons twice before developing the HTS library as described in (Bérubéet
al., 2018).
2.2.5 HTS data analyses
HTS sequence data were filtered and processed by using Quantitative Insights into
Microbial Ecology (QIIME) software (Caporaso et al., 2010). Amplified sequences
smaller then 200bp, sequences with more than three primer-template mismatches and
sequences with average Phred quality scores lower than 19.0 were removed and only the
data for individual samples with >750 sequence quality-filtered reads were used.
To analyze the sequence data. We determined AIS present (detected) versus absent
(not detected) from our 69 target species to check for false negatives. Then we checked
all species detected in the spiked samples to see if there were any species that were
present but had not been spiked (false positive).
Since we used targeted AIS primers in our metabarcoding, we expected our sequence
read numbers to provide a quantitative estimate of the starting concentration of the spiked
AIS. To test this, we used a General Linear Model (in SPSS) with the dependent variable
the number of recovered HTS sequences for each spiked species, with the covariate of
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total amount of spiked DNA and the fixed effects of; species type (fish vs. invertebrate),
sample (ranging from 1 to 10) and marker type (CO1, CO2, D-loop, CytB, 16S 18S). No
interactions were included. We also plotted spiked DNA amount against HTS sequence
read number in a scatterplot to assess the pattern of correlation.

2.3 Results
We developed and optimized 138 PCR primers that targeted CO1, CO2, CytB, Dloop, 16S and 18S regions of fish and invertebrate AIS genomes. Following optimization,
we measured the sensitivity and interference effects for all primers and used blind spiked
samples to assess detection and quantification limits of our targeted metabarcoding.
2.3.1 Primer evaluation
Sensitivity analyses indicated substantial variation in the detection levels of our
PCRs, despite our optimization protocols (Figure 2.1; Table 2.1). However, it is
important to note that we set our positive detection threshold high (minimum of 2/3
replicate PCRs producing a visible band on agarose gels). Overall, fish primers had a
higher sensitivity than the invertebrate primers (Figure 2.1). The mean sensitivity across
all 78 fish primer sets (39 species x 2 marker loci) was 0.096 ng (range from 3.3×10-4 ng
to 2.3 ng; Table 2.1), while the mean sensitivity for the invertebrate primer sets was
~0.21 ng (range from 2.8×10-4 ng to 4.8 ng). In fish, the CytB primer for Oncorhynchus
kisutch (Coho salmon) had the highest sensitivity (3.3×10-4 ng), while the CytB primer
for Gymnocephalus cernuus (Eurasian ruffe) had the lowest sensitivity (2.3 ng). In
invertebrates, the CytB primer for Dreissena rostriformis bugensis (Quagga mussel) had
the highest sensitivity (2.8×10-4 ng), while the 16S primer for Bythotrephes longimanus
(Spiny waterflea) had the lowest sensitivity (4.8 ng).
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Although primer sensitivity is important to assess the likelihood of type I versus type
II errors, it is critical that we also consider the effects of competing DNA and PCR
inhibitors. Overall, our interference assessments indicated that interference by other, nontarget DNA fragments did reduce primer sensitivity substantially (Table 2.1). The mean
interference sensitivity for fish was 1.15 ng (range from 3.2×10 -3 ng to 9.6 ng; Table 2.1),
while the mean interference sensitivity for invertebrates was 1.87 ng (range from 4.2×10-4
ng to 9.2 ng; Table 2.1). In fish, the CytB primer for Alosa pseudoharengus (Alewife)
had the highest interference sensitivity (3.2×10-3 ng), while the CytB primer for Ictiobus
cyprinellus (Bigmouth buffalo) had the lowest interference sensitivity (9.6 ng). In
invertebrates, the CytB primer for Eriocheir sinensis (Chinese mitten crab) had the
highest interference sensitivity (4.2×10-4 ng; Table 2.1), while the CO1 primer for
Mnemiopsis leidyi ((Leidy's) comb jelly) had the lowest interference sensitivity (9.2 ng).
2.3.2 Blind sample targeted metabarcoding
The number of sequences reads recovered across all 10 blind spiked samples varied
considerably, as expected due to variation in spiked DNA amounts. The mean HTS read
number for each sample (across all primers) ranged from 0 to 284.5, while the HTS read
number for each primer set (i.e., target AIS) range from 0 to 559. Out of a total of 42
spiked AIS, we detected 41 species in at least one of the duplicate primer sets (Table 2.2).
However, 36 AIS were detected with both primers (Table 2.2). The only spiked AIS that
we did not detect with either primer set was in blind sample 7, where we did not recover
any HTS sequence reads for Botryllus schlosseri (Star ascidian) – the spiked DNA
amount was 0.034 ng.

23

Our targeted metabarcoding resulted in the detection of >97% of the spiked AIS;
however, we predicted that by using individual species-developed primer sets, we should
also see a correlation between HTS sequence read numbers and spiked DNA amounts.
Our GLM resulted in a highly significant effect of spiked DNA amount (F=10.6, df = 1,
67; P <0.002); however, sample number, species type (fish vs. invertebrates) and marker
locus did not have significant effects at P < 0.05. Total variance explained by the model
was ~29% (adjusted R2 = 0.288), and the relationship shows a positive correlation
between HTS read number and spiked DNA amount (Figure 2.2).

2.4 Discussion
As AIS have become a more pressing issue globally, many published studies have
focused on the early detection of rare and cryptic aquatic species. Specifically, eDNA
metabarcoding and end-point PCR detection of AIS and other rare species were initially
widely accepted. For example, one study detected Austrominius modestus, Ficopomatus
enigmaticus and Polydora triglanda from Biscay ports (Borrell et al., 2017), while
another research successfully detected 24 invasive zooplanktons from 16 Canadian ports
using metabarcoding techniques (Brown et al., 2016). eDNA metabarcoding is also used
to detect nuisance species in ballast tank water (Zaiko et al., 2015), and has been
proposed to be used in the future by governments to monitor ballast water for AIS
(Darling & Frederick, 2018). Our targeted metabarcoding goals were to use primers for
each species to maximize PCR efficiency and enhance detection of many species at once.
We developed many highly sensitive primers for both fish and invertebrates, for example,
our PCR assays reached sensitivities of 4.2×10-4 ng in Eriocheir sinensis (Chinese mitten
crab). It is important to note that our sensitivity and interference analyses are very
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conservative, as we used end-point PCR (i.e., bands on agarose gel) as the detection
threshold. This is reflected by the very high success rate we had in detecting even low
concentrations of spiked DNA in the blind spiked sample analyses (~98% detection rate).
In this project, we performed both sensitivity and interference tests for all 138 of our
AIS detection primer sets. Performing both sensitivity and interference tests are critical,
especially for PCR assays designed for AIS, where both type I and type II errors have
serious consequences. The aim of sensitivity tests is to guide primer optimization and to
minimize the occurrence of false negatives. As we expected, our primer sensitivity went
down in the interference test, but this highlights the need to simulate a real-world eDNA
application, as field eDNA samples will have many other competing DNA sequences as
well as PCR inhibitors that will interfere with assay sensitivity. Thus, it is the
‘interference sensitivity’ that is a critical parameter for applications to eDNA analyses.
In the blind spiking sample analysis, we observed exceptionally high success in
detecting the spiked AIS DNA. While this is very encouraging for the applicability of our
targeted metabarcoding to AIS monitoring and detection, it is perhaps not surprising
given our use of replicate PCR detection targets and custom designed primers. Perhaps
more exciting, we also found a strong correlation between the amount of spiked DNA
and the HTS read number. Furthermore, this relationship was not affected by species
type, marker locus or spiking sample replicate. It is likely that including PCR interference
sensitivity would improve this predictive relationship. Previous research also
demonstrated a moderate correction between eDNA concentration and metrics of
abundance for brown trout in lentic and lotic systems (Thomsen et al., 2011; Yates et al.,
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2021). A similar outcome was also reported for estimating density of Ayu (Plecoglossus
altivelis altivelis) (Tsuji et al., 2020).
To conclude, our “targeted metabarcoding” is not strictly a quantification approach;
however, we did find a strong correlation between our HTS data and the amount of target
species DNA spiked, making it likely that targeted metabarcoding has potential for
quantitative applications. Given the advantages of targeted-metabarcoding, we propose it
is a valuable tool for routine screening for AIS globally. Species-specific qPCR and
ddPCR are likely more sensitive, however, our targeted metabarcoding approach can
screen across a diverse taxonomic range, making it an ideal tool for monitoring AIS
across a range of potentially invasive species.
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Figure 2.1 Line plots showing the sensitivity outcomes (PCR success versus template
DNA) for all 138 primers sets developed for this study; Panel A: Fish AIS primer
sensitivity for the first primer set (all CO1), Panel B: Fish AIS primer sensitivity for the
second primer set (various marker loci, see Table 2.1); Panel C: Invertebrate AIS primer
sensitivity for the first primer set (all CO1), Panel D: Invertebrate AIS primer sensitivity
for the second primer set (various marker loci, see Table 2.1). The horizontal dashed line
represents the minimum sensitivity (2/3 replicate PCR agarose band detected).
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Figure 2.2 Scatterplot of HTS sequence read number versus spiked AIS DNA amount
across all 10 blind spiked eDNA replicates. Note that species type (i.e., fish vs.
invertebrate), sample number (1 – 10) and marker type (CO1, CO2, CytB, D-loop, 16S
and 18S) had no significant effect on this relationship. Overall adjusted R2 value for the
relationship is 0.288.
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Table 2.1 A list of the 69 fish and invertebrate species for which we developed targeted metabarcoding assays. The first and
second primer sets (with forward and reverse primer sequences) are shown with annealing temperature and PCR Mg 2+ (uL).
Estimated sensitivity (ng) as well as interference sensitivity (ng) are also shown.
Mg2+

Sensitivity

Interference

(μL)

(ng)

Sensitivity (ng)

60

4

0.02

2.0

60

6

0.2

0.2

58

5

0.023

2.3

60

6

0.023

0.23

58

5

0.003

0.03

Primer
st

Species Name

1 Primer 5'-3'

Tm

name
TTGACTTGTACCTCTAATATTAGGAGGG
CO1
AGGTATCTGGTCTATTGTCATGCCG

Carcinus maenas

GGCCAGGGAATAGCGTCGGC

(Green crab)
COII

TGCCTTGCCTTCTCTCCGCC
TGGAGCTTGCTATTCCAGGG
CO1
ACGGGCCAGAATGAGCAATA

Corbicula fluminea
(Asiatic clam)

TGTGGGGCGGGTTTAGAGTAGGA
CytB
TGGTGTACTTATAGGGTCGGCAGG
GTTTGGTGGGGGATGAACA

Mya arenaria
CO1
(Soft shell crab)

GGTCTCCCAACCCAGTAGGA

33

GGGTGCAAATCATATTTGTGGCGCT
CytB

58

6

0.03

0.3

56

4

0.0295

2.0

56

8

0.562

5.6

60

4

0.021

2.1

60

6

0.0021

0.0021

60

2

0.056

5.6

57

6

0.41

0.41

61

3

0.31

3.1

AGGTGTTTCTCTAGGGTTTGCAAGT
TGGACAACCAGGTGCTCTT
Crepidula fornicata

CO1
AATTGCTAAATCAACAGACCC

(American slipper
AAAGACAAGAAGACCCTATCGAGCTTT
limpet)

16S
TTTAATGGTCGAACAGACCAACCCT
TTATCGTTACAGCCCACGCC
CO1
TGAGACACCGGCCAAATGAA

Littorina littorea
(Common periwinkle)

TGGCTGACTCCTCCGCTCGC
CytB
AGGGTGGCATTGTCGACTGCG
AGGGACGGGGTGAACAGTAT

Caprella mutica

CO1
AAGGATAGGGTCACCTCCCC

(Japanese skeleton
TGGGTACTGGTATAAATGGCTCCACA
shrimp)

16S
TCGAGGTCGCAATCAAAATTGGAGA
AGCGTAGTGACTGCTCATGCTTTATT

Didemnum albidum
CO1
(Didemnid sea squirts)

AGAAGAAGCTCTCGCTAAATGCAAAGA

34

CGGGAAAACTCACCCGGCCC
18S

60

7

0.21

2.1

60

4

0.042

4.2

60

6

0.042

0.42

60

6

0.0048

0.048

61

4

4.8

4.8

54

3

0.04

0.4

62

7

0.063

6.3

60

4

0.028

2.8

GTGCGGCCCCGAACATCGAA
TTATTCGGACGGAGCTGTCC
CO1
Styela clava

AGAGCACCTCTTGAATGGGC

(Leathery sea squirt)

GACGGGGGCGTCCGTACTCT
18S
TCCTGGTGGTGCCCTTCCGT
ACTTATTGGGGACGACCAAATC

Bythotrephes

CO1
AAGTCTACTGAAGCTCCTGCAT

longimanus
CCGCAGTATTTTGACTGTGCTAAGGT
(Spiny waterflea)

16S
AGAGCTTCTACACCCTACTGATCTCTT
CGTCCTTGGTGATTTTCAAT
CO1

Dreissena polymorpha

ATCTATCGCAGGGCCTGA

(Zebra mussel)

AGCCTTATTATGAGGAGGTGACTGTGT
CytB
GGATCTGCACGAATAAAGTTTTCTGGG
GGAAACTGGTTGGTCCCGAT

Dreissena rostriformis
CO1
bugensis

AAAACTGATGACACCCGGCA

35

(Quagga mussel)

GGGGGTGATTGCGTCTGCGA
CytB

61

6

0.00028

0.0028

60

3

0.0054

0.54

59

6

0.054

0.54

62

3

0.035

0.035

60

6

0.035

0.035

58

7

0.026

2.6

60

2

0.36

3.6

59

3

0.068

0.68

GCAGTGGAGTTTTTATCGGGTCTGCC
AGAGTTAGGTCAGCCGGGAAGGT
CO1
Orconectes rusticus

TGACGCCCCTGCATGAGCAA

(Rusty crayfish)

TGGAGAGCCAGGAGGTCGAGA
COII
TCAGCTGCTCTTACAAGCATTCGT
ACCCGCCATTGTCTGTATACCCT
CO1
ACAGGGTCACCCCCTCCTGC

Mytilus edulis
(Blue mussel)

ACCTGTTCTTCCTACACGAAAAAGGGA
CytB
GCGTAGGCAAATATGAAGTACCACTCC
TTTCATGGAGGCGCTTCTGT
CO1

Oithona similis

ACACTTCAGGGTGCCCAAAA

(N/A)

CTAGCCGCGACTCACGGAGC
18S
TTTTTCGTCACTACCTCGGCCT
AGGGGCCTGATCTGGTATGA

Paracalanus parvus
CO1
(N/A)

AGTTCAGCCTGTTCCTGCTCC

36

TGTGAATATGAGGTGGGTTTGCTGT
CytB

60

6

0.071

0.0071

56

2

0.075

0.75

60

6

0.75

0.75

61

3

0.042

0.042

61

7

0.42

0.42

58

3

0.0167

1.7

59

6

0.167

1.7

59

3

0.0036

0.36

GGAGTGACTAAAGGATTGGCAGGA
GGGCTGGTACTGGATGAACT

Potamopyrgus
CO1
antipodarum

AAAGGATAGGATCACCGCC

(New Zealand mud

ACTTCGTGCCCTACACGCAA
CytB

snail)

AGAATCGGGTTAAAGTTGCACTGTCT
GTGCCCCGGGAAATTTAATTGGAGA

Echinogammarus

CO1
CTGATGCGCCGCTATGGCCT

Ichnus
CCAGTGCTCCCGCATGTGCC
(Scud)

CO1
TGCGCCTGAGCGTACGTGTG
TGGTGGTTTTGGGAATTGGTTG
CO1

Limnoperna fortune

AAACGCTCACCACGCATTTC

(Golden mussel)

GTTGTCTGGAACTGGATTAAGTGT
COII
ACTCCACCCTCTACATGCATAG
TTGAGCTGTTCTTGCGGGAA

Crassostrea gigas
CO1
(Pacific oyster)

AATTGTTCACCCTGCCCCAA

37

ATCCCCTGCAGTGGCAGCCT
CytB

61

4

0.36

0.36

57

4

59

6

0.34

0.34

58

2

0.092

9.2

58

5

0.0092

0.092

58

4

0.035

0.35

58

4

0.097

0.97

50

5

0.031

3.1

TGGCCCGCTAGTACTCAGCCTC
TGTCTCAAGTAGGTCAAGTGGTTA
CO1
Botryllus schlosseri

GCACAATCCAAAGCAGCTCT

(Star ascidian)

CGGTAAGAAGGCCAACTTTAACTCGT
CytB

0.024
2.4

TCTGGCTTAATATGAACGGGTGTTACT
AGGTTGTTTAGTTTGAGCCCA
CO1
ACCAACAACTGCACCTAAAGA

Mnemiopsis leidyi
((Leidy's) comb jelly)

GCTATGGAGGGTCCTACCCC
CytB
TGACTACCCGTAGACGAAGC
CGACTTGAATTGGGTCAGCC
CO1

Hemimysis anomala

TATCCACAGCTGCACCCATG

(Bloody-red shrimp)

ACGTGATTGTGACAGCGCAT
CO1
GGCGCCAGCTAAATGCAAAG
TTAGTGGTTTTATGAATATGAG

Botrylloides violaceus

CO1
AAGTAATATTGTAATGGCTGCT

38

(Orange sheath

AGAGGGCCAACCCTTACTCG
CytB

tunicate)

60

6

0.63

6.3

60

3

0.093

0.93

59

6

0.0124

0.012

57

2

0.0021

0.21

60

5

0.25

2.5

56

3

0.324

0.32

58

6

0.0324

3.2

63

3

0.01345

0.13

GTGTACCGGAGTGACCATAGG
CCGAATGGGAGAAGAGATCCA
CO1
GCCCTTAATAAAGTTGAAACTCAGGA

Ciona intestinalis

GCATGGGACGGAAGGTACAG

(Sea vase)
CytB

GAACACGATCCCACCAGCAA
GCCCCTGATATGGCTTTCC
CO1
Cercopagis pengoi

AGGCTGTGATTCCAACAGCT

(Fish hook flea)

TGTAGTAGTAACAGCCCACGC
CytB
ATCCCAGCCAAGTGAAGGGA
CTAGGAGATGATCAGCTTTATAATGT
CO1
CCTGCTAAGTGTAGAGAAAAAATT

Pomacea canaliculate
(Golden apple snail)

CAACTTTATTTATATGCCTCCTGGC
CytB
AGGGGAGATTAGCTCTAACCCA
TCCCTTAGCCGGAAACCTAGCCC

Petromyzon marinus
CO1
(Sea Lamprey)

AGAATGGGGTCTCCTCCTCCTGC

39

CTCCATGCTAATGGCGCCTC
CytB

57

6

0.013

0.13

61

4

0.043

4.3

58

6

0.43

4.3

59

6

0.031

3.1

56

4

0.00042

0.00042

59

7

0.52

5.2

59

4

0.052

5.2

59

3

0.0026

2.6

GAATCGGGTTAAAGTGGCGT
ACAGGGTGGACTGTTTATCCTCCTT
CO1
Procambarus clarkii

CCCCTCCCCCTGCTGGATCA

(Red swamp crayfish)

AGAAGATAGAAGACCTTAGACGCT
D-loop
TCTTGTTCTGCCCCCTCCAA
GTGCTTGGGCCGGAATAGTA
CO1
GGTGGGTAGACAGTCCATCC

Eriocheir sinensis
(Chinese mitten crab)

CTGAGGAGGGTTTTCTGTTG
CytB
AGGAGGGGTTACTAAAGGGT
GGGTGGACCATTTACCCTCC
CO1

Molgula manhattensis

AGATTGGATCTCCCCCTCCT

(Sea Grapes)

GGTTCCGCTTTGAGTGGAGT
CO1
GTAAATGGTCCACCCTGCCC

Gymnocephalus

AATTGGGGGCTTTGGGAACT
CO1

cernuus

AGTGGGGTTTGGTACTGGGA

40

(Eurasian ruffe)

CCCTTTGTCATTGCCGGCGCTA
CytB

62

6

2.3

2.3

61

3

0.0016

0.016

61

6

0.0352

0.352

60

3

0.00745

0.75

61

6

0.073

0.73

57

4

0.00369

0.0037

62

4

0.0243

0.024

52

4

0.0051

0.51

GGGGATGGAGCGAAGGATTGCG
CAGCCAACCAGGCGCTCTCC
CO1
Lepomis macrochirus

TGCTCCTGCATGGGCTAGGT

（Bluegill）

ATATCCACGCCAACGGCGCA
CytB
AGGCAAAGAACCGGGTGAGGGT
CTGGGTGGACTGTTTACCCC
CO1
GAATGGGGTCTCCTCCTCCT

Micropterus salmoides
(Largemouth bass)

ACTATACCTCTGATATCGCAACCGCC
CytB
GGGACGGCCGAGAGGAGATT
CGGCACTGCTTTAAGCCTTC
CO1

Morone americana

AGTGGGGGATAGACGGTTCA

(White perch)

TCTGGGGCGGCTTTTCAGTCG
Cytb
GTCACGAGTGGGTTGGCGGG
GGCATTTCCTCGAATAAAC

Neogobius
CO1
melanostomus

GAGTAGGACCGCCGTAATC

41

(Round goby)

ACCTCGGATATCGCCACAGCCT
CytB

62

6

0.024

2.4

56

3

0.0014

1.4

59

6

0.026

2.6

58

3

0.0435

0.044

62

6

0.0435

0.044

59

3

0.00461

0.046

62

6

0.0461

0.046

62

3

0.0075

0.075

GCCCACGTAAGGGACGGCAG
TATCGGCGGGTTTGGAAACT
Notemigonus

CO1
TGGGAAATTGCTGGGGGTTT

crysoleucas
TGCCAACGGCGCATCTTTCT
(Golden shiner)

CytB
TGGCAGGAGGAAGTGGAATGCG
CCCCTAATAATCGGAGCCCC
CO1

Oncorhynchus mykiss

ACTAGCACGGCTCAAACGAA

(Rainbow trout)

ACCTCCGAAAAACCCACCCTCTCC
CytB
GCCGTAGTAAAGTCCTCGGGCG
GCACCTGACATGGCATTTCC
CO1

Pimephales promelas

TAGGAGCAGAAGCACAGCAGT

(Fathead minnow)

TGAGGGGGCTTTTCAGTGGACA
CytB
TGTGGCGGAGTAACCAGTGGG
AGCCCGGAGCCTTACTGGGG

Proterorhinus
CO1
semilunaris

ACGGATGCTCCTGCATGTGCTAA

42

(Western tubenose

ACCTGCACATCGGACGGGGA
CytB

goby)

62

6

0.017

0.017

63

4

0.0027

2.7

64

6

0.083

8.3

64

3

0.034

3.4

61

6

0.025

0.25

58

4

0.0053

0.53

64

7

0.0053

0.053

0.00143

1.4

AGGTGAACTAGGGTGACGGCCA
GCCTCCTTATCCGAGCCGAGC
CO1
CCAGCAAGTGGGGGATAGACTGT

Osmerus mordax
(Rainbow smelt)

CytB

AGTCCTTTGGCTATGAGGGGGCT
CCAGGGGGTTGGCTGCTGTG
CCACCCCTCTCTGGGAACCTCG

Gasterosteus
CO1

AATTGGGTCTCCACCCCCTGCT

aculeatus
(Threespine

CCGATATTGCTACAGCTTTTTCCTCCG
CytB

stickleback)

TGCCAACGTATGGGACGGCTG
ATGAGCTTCTGACTGCTGCC
CO1

Amia calva

ATTGTGATACCTGCGGCCAA

(Bowfin)

TCCCCAAACCTGCTGGGTGAC
CytB
GGTGTTCTACGGGCTGTCCGC
CCCATCCTTCCTTCTCCTGC

Channa argus
CO1
(Northern snakehead)

59
TTAGGTTTCGGTCCGTGAGC

43

6

CTTCACCCCCGCTAACCCGC
CytB

63

3

0.032

0.32

59

7

0.214

2.1

61

2

0.045

0.045

59

4

0.0089

0.89

61

4

0.095

0.95

59

7

0.0072

7.2

62

4

0.0243

0.24

58

6

0.0018

0.18

GAGGCGACTTGTCCGATGGCA
CCGTATACCCACCTCTTGCA
CO1
Cyprinus carpio

GGATTGGGTCTCCTCCTCCT

(Common carp)

TGTACACGCCAACGGAGCATCA
CytB
GGAAGTGGAATGCGAAGAATCGTGT
GGTGCCTGAGCCGGAATA

Hypophthalmichthys
CO1
molitrix

ACTGTTCATCCTGTTCCGGC

(Silver carp)

ACCTACACGCCAACGGAGCA
CytB
GGAAGTGGAATGCGAAGAATCGTGT
CGAACTAAGCCAACCCGGAT

Mylopharyngodon

CO1
CTACAGATGCTCCTGCGTGTGC

piceus
CCGCAACATCCATGCCAACGG
(Black carp)

CytB
GCGAAGAATCGTGTTAGCGTTGC
GTAATTGTTACCGCCCACGC

Carassius auratus
CO1
(Goldfish)

GAAGTTGATTGCCCCCAGGA

44

AACCTTCTATCCGCCGTGCCA
CytB

62

3

0.0245

0.25

59

5

0.0054

0.54

62

5

0.063

0.63

59

4

0.0045

4.5

64

4

0.0436

0.044

60

6

0.0092

0.92

64

5

0.052

0.052

59

3

0.193

3.9

TGGGGAGAATAATGCCAGGAGTGT
TTGGAAACTGACTCGTGCCA
Hypophthalmichthys

CO1
TGGGAAATGGCTGGTGGTTT

nobilis
CATCAGTAGTCCACATCTGCCGAGA
(Bighead carp)

CytB
CGCCTCAGATTCATTGGACGAGGG
TTCGAGCAGAACTCAGCCAG
CO1
CGTGGGCAAGATTACCTGCT

Salmo salar
(Atlantic salmon)

CCTCCTCTCCGCTGTCCCCT
CytB
CCCGAGGAGGTTGGGTGCGA
CCTCTGGAGTTGAAGCAGGG

Proterorhinus

CO1
GGGGTCAAAGAAGGTGGTGT

marmoratus
GTGGACCTACCTGCCCCCTCA
(Tubenose goby)

CytB
GGCCTCGCCCAATGTGAAGGT

Lepomis gibbosus

TTGGAGGCTTTGGCAACTGA
CO1

(Pumpkinseed sunfish)

TATTGGGAAATGGCAGGGGG

45

CCCTTCATCATTGCAGCCGCC
CytB

62

5

0.035

0.35

58

6

0.0037

0.37

63

8

0.037

0.037

62

3

0.033

0.33

63

5

0.046

0.046

60

3

0.425

4.3

62

6

0.0125

0.013

60

4

0.12

0.12

TGGGAATCGAGCGAAGGATGGC
ACAGCCCATGCCTTCGTAAT
CO1
Salmo trutta

TGGCCCCCAAAATTGAGGA

(Brown trout)

AACCTTCTCTCCGCTGTCCCA
CytB
GGAGGTTGGGTGCGAACAGAGC
CAGCCGGGCGCTCTTCTAGG

Oncorhynchus

CO1
TGAGGCTCCTGCGTGGGCTA

tshawytscha
GCGGGTTCTCTGTTGACAACGCT
(Chinook salmon)

CytB
GGTGGGGTGACCAGGGGGTT
CTTCTCGCCTCCTCCGGGGT

Lepomis humilis

CO1
CGGCGAGGACTGGGAGGGAA

(Orangespotted
AGACAATGCCACCCTTACCCGA
sunfish)

CytB
TGGTTTGATGTGGGGCGGGG
GGAGTCGAAGCAGGCGCAGG

Apeltes quadracus

CO1
ACCGGCTGCAAGGACAGGGA

46

(Fourspine

AAACCTCCACGCTAACGGTGCC
CytB

stickleback)

63

6

0.34

0.34

60

4

0.004

0.4

60

7

0.4

0.4

60

4

0.096

0.96

63

6

0.96

9.6

60

3

0.327

0.33

63

5

0.000327

0.0033

59

3

0.065

0.65

GCGAAGAATCGGGTTAGGGTGGC
GTTACCGCCCACGCCTTCGT
CO1

Clinostomus elongatus

TGCTCCTGCATGGGCAAGGT

(Redside dace)

ACATGCCAACGGCGCATCAT
CytB
TGGAAGGCGAAGAACCGCGT
ACCCGGGTCCCTTCTCGGTG

Ictiobus cyprinellus

CO1
CGGCGTGGGCGAGATTACCC

(Bigmouth Buffalo)
TCTGAGGCGGATTCTCGGTAGACA
CytB
GGGGAGGGGTGACTAGGGGG
GCAGAACTGAGCCAGCCGGG
CO1
CTCCTGCGTGGGCGAGGTTG

Oncorhynchus kisutch
(Coho salmon)

GCAGCTGCTACAGTCCTCCACC
CytB
CCCCTCCTAGCTTGTTGGGGAT
GAGCTGGAACCGGTTGAACT

Lates niloticus
CO1
(Nile perch)

AGAATGGGGTCTCCTCCTCC

47

TGGCTCACTTCTAGGCCTTTGCC
CytB

62

6

0.065

0.65

60

3

0.032

0.32

62

5

0.0032

0.0032

58

4

0.0058

0.058

64

6

0.124

0.12

59

4

0.023

0.23

62

7

0.023

2.3

60

3

0.045

4.5

CCCTCATGGGAGGACGTAGCCG
GCCAACCCGGGGCACTTCTC
CO1
Alosa pseudoharengus

ACCTGCCAAGGGCGGGTAGA

(Alewife)

AAGCATGCACGCAAACGGAGC
CytB
GCGAAGAATCGGGTTAGAGTGGCG
CAGGGGCCGGGACAGGATGA
CO1
TGCCAGCAGCTAGTACGGGA

Aplodinotus grunniens
(Freshwater Drum)

CCCTTCATCATCGCAGCCGCA
CytB
GGGGATTGAGCGGAGGATGGC
CCAGGGGCCCTACTAGGCGA
CO1

Esox niger

GCGCCGGCGTGTGCTAGATT

(Chain pickerel)

ACGAAAAACCCACCCCGTCCT
CytB
GGAGCCATAATAAAGGCCTCGAGCA
TAGTATTTGGTGCCTGGGCC

Scardinius
CO1
erythropthalmus

TGTTCATCCTGTTCCAGCCC

48

(European rudd)

CGGTTTCTCAGTAGACAACGCGACC
CytB

63

7

0.0045

0.045

60

4

0.022

0.22

61

4

0.22

0.22

60

6

0.0034

3.4

61

3

0.0034

0.34

60

5

0.082

0.82

62

6

0.0082

0.0082

60

3

0.071

0.71

TGGGGGTGTCACGAGTGGGT
GCCAACCCGGGGCACTTCTC
CO1
Alosa aestivalis

GCTCCGGCGTGGGCAAGATT

(Blueback herring)

AAGCATGCACGCAAACGGGG
CytB
GCGAAGAATCGGGTTAGAGTGGCG
GCCGGAGCTGGAACAGGGTG

Ctenopharyngodon

CO1
TTGGGTCTCCTCCTCCCGCC

idella
AACCTACACGCCAACGGGGC
(Grass carp)

CytB
TGCGAAAAATCGTGTTAGTGTTGCATT
AGCCTGCTCATCCGGGCAGA
CO1

Noturus insignis

TTCACCCTGTTCCGGCCCCA

(Margined madtom)

TCTCCCCCAACCTCCTCGGC
CytB
TGCTCGACCGGTATTCCGCC
CGAAGCTGGGGCCGGAACAG

Cyprinella lutrensis
CO1
(Red shiner)

TTCCGGCGGCTAGAACGGGT

49

ACATATTGCCCGGGGCCTCT
CytB

62

6

0.071

0.071

60

3

0.035

3.5

63

4

0.0035

0.0035

60

4

0.043

0.43

62

7

0.047

0.47

GGTGAAGAACAGTTGCACCAGCG
GCCCATGCGGGTGCATCTGT
Misgurnus

CO1
CTCCTCCACCTGCCGGGTCA

anguillicaudatus
CATCCGTGGCCCACATCTGCC
(Oriental weatherfish)

CytB
TCCATTGAACTAGGGTGTTTCCCACA
CGAAGCCGGGGCTGGAACTG
CO1
TCCGGCTGCAAGGACTGGGA

Morone saxatilis
(Striped bass)

GGCCGCCCTTCGTAAAACGC
CytB
AGAGACCTCGGCCAATGTGAAGA
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Table 2.2 List of AIS spiked into blind samples (1 – 10) with the number of HTS sequence reads recovered for both the first
and second primer sets (See Table 2.1 for details on marker regions targeted).

Species/Sample Name

Common name

Positive?

First primer reads

Second primer reads

Blind Sample 1
Didemnum albidum

Didemnid sea squirts

Y

101

140

Pomacea canaliculata

Golden apple snail

Y

194

60

Molgula manhattensis

Sea Grapes

Y

324

235

Alosa aestivalis

Blueback Herring

Y

24

4

Osmerus mordax

Rainbow smelt

Y

20

13

Salmo salar

Atlantic salmon

Y

157

208

Aplodinotus grunniens

Freshwater Drum

Y

410

39

Blind Sample 2

Blind Sample 3

51

mytilus edulis

Blue mussel

Y

2

7

Apeltes quadracus

Fourspine Stickleback

Y

101

46

Alosa pseudoharengus

Alewife

Y

559

368

Scardinius erythropthalmus

European rudd

Y

476

201

Carcinus maenas

Green crab

Y

4

0

Mya arenaria

Soft shell crab

Y

129

57

Orconectes rusticus

Rusty crayfish

Y

31

197

Limnoperna fortunei

Golden mussel

Y

57

83

Channa argus

Northern snakehead

Y

172

385

Oncorhynchus kisutch

Coho Salmon

Y

30

51

Neogobius melanostomus

Round goby

Y

182

21

Gasterosteus aculeatus

Threespine Stickleback

Y

239

391

Blind Sample 4

Blind Sample 5

52

Oncorhynchus tshawytscha

Chinook Salmon

Esox niger

Chain Pickerel

Y

96

141

Y/N

0

2

Blind Sample 6
Corbicula fluminea

Asiatic clam

Y

54

61

Mya arenaria

Soft shell crab

Y

13

5

Styela clava

Leathery sea squirt

Y

3

14

Oithona similis

N/A

Y/N

9

0

Procambarus clarkii

Red swamp crayfish

Y/N

11

0

Blind Sample 7
Botryllus schlosseri

Star ascidian

N

0

0

Petromyzon marinus

Sea Lamprey

Y

5

17

Carassius auratus

Goldfish

Y

50

98

Hypophthalmichthys nobilis

Bighead carp

Y

23

27

53

Blind Sample 8
Littorina littorea

Common periwinkle

Y

103

33

Bythotrephes longimanus

Spiny waterflea

Y

32

38

Potamopyrgus antipodarum

New Zealand mud snail

Y

34

3

Crassostrea gigas

Pacific oyster

Y

87

96

Channa argus

Northern snakehead

Y

59

107

Salmo salar

Atlantic salmon

Y

271

101

Ictiobus cyprinellus

Bigmouth Buffalo

Y

204

199

Lates niloticus

Nile perch

Y

4

19

(Leidy's) comb jelly

Y/N

9

0

Didemnum albidum

Didemnid sea squirts

Y

56

78

Channa argus

Northern snakehead

Y

309

441

Blind Sample 9
Mnemiopsis leidyi

Blind Sample 10

54

Hypophthalmichthys nobilis

Bighead carp

Y

55

221

184

CHAPTER 3 TARGETED METABARCODING TO DETECT 69 AQUATIC
INVASIVE SPECIES AT FRESHWATER AND MARINE PORTS IN CANADA

3.1 Introduction
Aquatic Invasive Species (AIS) are organisms that exist in non-native areas and are
harmful to the host ecosystem (Rodriguez et al., 1993). When a species is introduced to a
new environment, it must go through a number of stages before the population is large
enough to harm the existing ecosystem and, thereby, be considered an invasive species
(e.g., Colautti & MacIsaac, 2004). First, the species must survive in the new environment,
then the species must successfully reproduce and increase in abundance (Tilman, 2004).
Finally, to be classified as invasive, a species must cause measurable harm to the native
community of the invaded region (Ricciardi & Cohen, 2007). Once introduced species
have acclimatized to a novel environment and begin to increase their population density,
it is increasingly challenging to control or eliminate them from an area of concern
(Allendorf & Lundquist, 2003). It has become generally recognized that it is critical to
stop invasive species spread as soon as possible, ideally before they enter but if not, then
shortly after their arrival while population abundance is low (Giakoumi et al., 2019).
Therefore, early detection is possibly the single most significant step of AIS early
detection and rapid response efforts.
Invasive species do significant harm to ecosystems and economies around the world
(Charles & Dukes, 2007; Lovell et al., 2006). For example, the extirpation of
approximately 200 cichlids species from Lake Victoria has been attributed to the
introduction and subsequent invasion of Nile perch (Lates niloticus) (Lowe-MCconnell,
1993). In North America, invasive species management efforts cost US governments over
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$800 million annually for just three plant species: Eurasian watermilfoil (Myriophyllum
spicatum), purple loosestrife (Lythrum salicaria), and water chestnut (Trapa natans)
(Strayer, 2010). In addition, it was estimated that about $267 million has been invested
into addressing Zebra mussel (Dreissena polymorpha) related economic impacts
(Connelly et al., 2007). Much of these costs occur when we have not detected AIS early
enough and they have established viable populations.
Aquatic invasive species monitoring has often been based on various means of visual
detection, e.g., annual setline surveys for fishes and boat inspections for invertebrates
(Kelly et al., 2013), but these methods are more likely to detect species until after they
have become established and are increasing in density, making them more available to be
detected by traditional observational techniques (Harvey et al., 2009). Also, these
methods rely on highly qualified personnel with taxonomic knowledge and experience to
reliably distinguish many diverse species (Hopkins & Freckleton, 2002). For early
detection of AIS, traditional field research does not generally meet the need for early
detection because to do so would be time-consuming, incur prohibitively high costs and
would still be biased towards missing recently introduced (rare) species (a type II error).
Multiple initiatives have sought to establish new techniques that could be used to
detect species before introduction, e.g., ballast water monitoring (Zaiko et al., 2015), or
soon after introduction, e.g., environmental DNA (hereafter eDNA) analyses (Ely et al.,
2021). In particular, eDNA technology has become increasingly important to detect
potentially invasive species in both marine (Leblanc et al., 2020) and freshwater
ecosystems (Roy et al., 2018), in part due to the ability of eDNA analyses to detect some
organisms at very low densities (Sepulveda et al., 2019; also see Chapter 2 of this thesis).
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Monitoring aquatic ecosystems using eDNA has increased dramatically over the last two
decades for a number of reasons. First, it is high sensitive, detecting relatively small
amounts of DNA excreted into water (Sepulveda et al., 2019) and this sensitivity is close
to real-time detection because eDNA tends to degrade quickly over time (Barnes et al.,
2014). Second, eDNA sampling does not require collecting live organisms, thus we can
infer presence of a particular species. Third, it is a cost-saving and time-saving
technology that utilizes equipment and materials already found in many government and
research laboratories. These cost savings can be substantial compared to field survey
methods because of the reduction in time, equipment use, and sampling gear necessary
for eDNA sampling. Last but not the least, eDNA detection processes can be
standardized across many sampling locations. For this research, we tested the feasibility
of detecting multiple AIS in both fresh and marine water systems using a custom suite of
PCR primer sets designed to maximize detection sensitivity while providing quantitative
estimates of template eDNA amounts.
Many eDNA studies have been initiated to target one or a few species of a priori
interest, for example, Silver carp (Hypophthalmichthys molitrix) in the Chicago Area
Waterway using eDNA from water samples and PCR (Song et al., 2017). However, to
maximize the usefulness of eDNA as a general AIS assessment tool, we have designed a
suite of primers that can be applied across many problematic AIS. As described in
Chapter 2, we designed double primer sets for 69 AIS, selected from published lists of
species of global concern and combined them with HTS-based detection.
The goal of this project is to test a novel AIS eDNA “targeted metabarcoding”
protocol that is efficient, low-cost and sensitive for 69 AIS (30 invertebrates and 39 fish)
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which have been identified as being globally high-risk species. We sampled, with
replication, 8 marine and freshwater ports across Canada, extracted eDNA and applied
the targeted metabarcoding panel. We compare our detections with the reported presence
of the 69 species. Targeted metabarcoding is a novel and efficient AIS detection
approach, and this work highlights its advantages and how it can contribute to global AIS
management.

3.2 Materials and Methods
3.2.1 Sampling Sites
We identified sampling sites on the east and west coasts of Canada, as well as
freshwater sites in the Laurentian Great Lakes (Figure 3.1). In western Canada, we
sampled Port Alberni (49.23°, -124.81 °) and the Port of Vancouver (49.31°, -123.11°),
which are marine sites. On the east coast we also had two marine sample sites, St John’s
Harbor (45.25°, -66.03°) and the Port of Halifax (44.64°, -63.56°). In the Great Lakes
region, we sampled the Detroit River (42.26°, -83.10°) and Hamilton Harbor (43.27°, 79.86°), which are both freshwater. Along the St. Lawrence River we sampled water
from the Port of Montreal (45.50°, -73.66°), a freshwater site, and the Port of Quebec
(46.82°, -71.20°), a mixed fresh-salt (brackish) water system.
3.2.2 Water Sampling
A sampling kit was devised that could be readily transported by mail to each of these
sites for volunteer-based sampling (Fig. 3.2). The water sampling kit was divided into
two main parts. First, a vertical water collector was used for water collection (i.e.,
modified Van Dorn sampler). Second, a syringe and a glass fiber filter (Whatman® glass
microfiber filter papers, 47 mm diameter & 1.2 µm pore size) constituted the filtration
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system. The function of a syringe was to pump water (150-200 mL) through the glass
fiber filter to capture particles (and free DNA molecules), such as tissue fragments with
viable DNA (Spens et al., 2017). The second part of the sampling kit was a sample
preservation system. After the glass fiber filter no longer allowed water to pass through,
the filter was preserved in a 1.5 mL screw cap tube with RNAlater. Because eDNA will
degrade rapidly without treatment (Thomsen et al., 2012), it was essential to employ a
preservation method that would stabilize the eDNA until it could be extracted in the
laboratory.
3.2.3 Environmental DNA Extraction
Although DNA is well preserved by RNAlater (Yamahara et al., 2019), the high
concentration of salt in RNAlater affects the efficiency of extraction (Renshaw et al.,
2015). We thus first dipped the preserved filter into 1x PBS, which is key to reduce salt
on the filter yet maintain DNA stability. Then we removed extra liquid from the filter by
blotting it with a sterile wipe. We then transferred the filter into a 1.5 mL screw cap tube
with has 0.5 mL glass beads (1.0 mm glass beads from Fisher Scientific LTD, BioSpec.
Cat. No. 11079110) and 0.4 mL CTAB buffer (Renshaw et al., 2015) and homogenized
the mixture on Mini-Beadbeater-24 (Fisher Scientific LTD, BioSpec) at 3000 strokes per
minute for 2 minutes twice. After the homogenization process, we added 2 μL Proteinase
K (20 mg ∙ mL−1 ) and incubated it at 37 ºC for 4 hours with gentle rocking when we
added another 2 μL of Proteinase K (20 mg ∙ mL−1 ) and incubation was repeated (37 ºC
for 4 hours). After this lysis process, we centrifuged the tubes at 13,000 rpm for 5
minutes, and transferred 150 μL of supernatant to a 96 deep-well plate for DNA
extraction on a Tecan Freedom EVO 150 Liquid Handling System with the carboxylate
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magnetic bead-based protocol. We washed the eDNA three time with 70% ethanol before
eluting it into 150 μL 1X TE buffer.
3.2.4 Targeted Metabarcoding
As the targeted metabarcoding protocols was optimized and validated (Chapter 2), we
followed the protocol described there. Because primer sets had different annealing
temperatures and Mg2+ concentrations (Table 2.1, Chapter 2), we applied each primer set
independently to the eDNA samples with individual PCRs (Proflex PCR systems by Life
Technologies). We did three replicates for each sampling site, and we also put one blank
control per PCR plate. After the first PCR, the amplicons were cleaned with magnetic
beads to eliminate primers short amplicons and reaction components. After cleaning,
different barcode sequences were assigned for each sampling site, and the HTS adaptor
sequences coupled with the barcodes’ sequences were ligated using short-cycle PCRs (8
cycles) (one blank control applied). After another bead cleaning, the PCRs were
combined and DNA concentration was measured by bio-analyzer - the final mixed DNA
solution was diluted to 65 ng/ μL for HTS.
High-throughput sequencing (HTS) data was generated on the Ion Torrent (PGM)
platform (Thermo Fisher) and analyzed in Quantitative Insights into Microbial Ecology
(QIIME) software (Caporaso et al., 2010). First, we create our mapping file. Second, we
convert the data file by convert_fastaqual_fastq.py, followed by split_libraries.py by
using the mapping file. Third, we created a local database for HTS sequence blasting –
this database included only the 69 target species. Finally, we blasted our data file against
the database and recorded the number of matching sequences in our data with the target
AIS. We identified a positive detection as a single matched sequence.

61

3.3 Results
Among the 8 ports that were sampled, we found the fewest species from the marine
ports on both the east and west coasts of Canada. Each of Halifax, St. John’s, Alberni and
Vancouver sample sites had only two detections for species from our target list; however,
the particular species differed among the ports. In comparison, the inland ports (Great
Lakes and St. Lawrence system) had between 3 and 12 target species detected. Overall,
we had 36 positive detections (17 different species) of species (total count across sites
including species detected at multiple locations) on our target list across the 8 locations.
Based on the expected native species community composition of each port (Table 3.4),
20 of those 36 positive detections were non-native (hence potentially AIS), of which, 5
have not been previously documented and are thus potential novel invasive species.
Specifically, the 5 previously undocumented species and sites were: Tubenose goby
(Proterorhinus marmoratus) in Hamilton and Spiny waterflea (Bythotrephes
longimanus), Sliver carp (Hypophthalmichthys molitrix), Tubenose goby (Proterorhinus
marmoratus) & Brown trout (Salmo trutta) in Quebec City.
Based on a literature review (Table 3.4), we expected to detect a total 84 species
across these 8 locations, thus the average detection rate is ~38.6%. The “expected”
species numbers in Table 3.4 are based on previous reports in government and published
papers for the region. However, those reports may be outdated, or for areas in the region
of our sampling, but not at the sample sites, thus it is likely an over-estimation of the true
number of species expected to be detected. In the Detroit and Hamilton harbor locations,
we expected 41 species (see Table 3.4) to be detected among the 69 target species; we
detected 19 (~46.34%). At the Montreal and Quebec City locations, we expected 16
species to be detected among our target species and we detected 5 (31.25%). Among our
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marine locations: Port of Halifax, St. John’s Harbor, Port Alberni and Port of Vancouver
combined had an expected total of 26 species to be detected among our target species; we
detected 8 (~30.77%). However, at one marine location (St. John’s Harbor), we detected
both expected species (100% detection).

3.4 Discussion
Two species that showed very high read numbers were Bowfin (Amia calva) (first
primer mean reads: 946; second primer mean reads:1268) and Round Goby (Neogobius
melanostomus) (first primer mean reads: 393; second primer mean reads: 296) in Detroit
River. The primer sensitivities estimated previously for Round Goby (first primer 5.1×101

ng; second primer 2.4 ng) and Bowfin (first primer 5.3×10-1 ng; second primer 5.3×10-2

ng), show that both have reasonable sensitivity but the primers for Bowfin has a higher
sensitivity than Round Goby. However, the high read count means Bowfin and Round
Goby were relatively more abundant in this area, as expected since bowfin (Amia calva)
are native to Great Lakes (VanMiddlesworth et al., 2017) and round goby is a wellestablished AIS. It is also important that Silver carp (Hypophthalmichthys molitrix) was
detected at three sampling sites in Detroit River. Silver carp (Hypophthalmichthys
molitrix) is an invasive species in North America. In future studies, it should be regularly
monitored, and control efforts begun if Silver carp (Hypophthalmichthys molitrix)
continues to be detected in Detroit River. It is encouraging that 54.5% the species
expected to be in the Detroit River were detected, which indicates that our targeted
metabarcoding is effective, at least for these samples. The next step is to futher examine
the presence of Silver carp (Hypophthalmichthys molitrix) in the Detroit River using
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other monitoring methods (e.g., electrofishing or trapnets) that would provide visual
identification of individual animals.
In other eDNA research, primer limits of detection (LoD) are higher than for our
approach, for example, Golden mussels (Limnoperna fortunei) qPCR reached an LoD of
10-7 ng/μl (Xia et al., 2018). However, qPCR is expected to attain higher single-species
LoDs. For targeted metabarcoding, our sensitivity and interference was assessed using
end-point PCR and gel electrophoresis, making our LoD estimates conservative.
Our data highlight the importance of replicate eDNA samples and multiple marker
loci. For example, in the Port of Montreal we got zero reads on the first primer for Spiny
waterflea (Bythotrephes longimanus) and just 0.17 mean reads on the second primer.
However the Spiny waterflea is common around the Great Lakes (Kerfoot et al., 2011),
thus despite the low read number, our detection is not likely a false positive. Thus
additional samples from the Port of Montreal would allow us to confirm if this was a true
positive detection or a false positive with more certainly.
In Quebec City, the brackish water is different from all other sampled locations. On
one hand, both freshwater and marine AIS may exist in brackish water systems, but, on
the other hand, both freshwater and marine AIS may not survive in brackish water
systems because the concentration of salt. We detected Spiny waterflea (Bythotrephes
longimanus), Round Goby (Neogobius melanostomus) and Silver carp
(Hypophthalmichthys molitrix) in the St. Lawrence River near Quebec City. The Spiny
Waterflea (Bythotrephes longimanus) is a robust invertebrate, and its eggs have high
tolerance to high salinity water (LeDuc, 2012). This means its eggs can transport and
survive in salt water, and flow would carry it from Ontario or upper St. Lawrence River
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to Quebec City, therefore, Spiny Waterflea (Bythotrephes longimanus) is a high-risk
invasive species and may in fact be at our Quebec City site. Round Goby (Neogobius
melanostomus) is a common AIS in North American freshwater system, plus they have
tolerance to saltwater (Karsiotis et al., 2012). Despite our detection of Round Goby
(Neogobius melanostomus) at multiple locations, we should still attempt to block or
reduce the speed of its expansion by multiple ways, for example, targeted catch and kill
programs for Round Goby (Neogobius melanostomus). Because the detection strength of
the Spiny Waterflea (Bythotrephes longimanus) was lower than the Round Goby and we
did not detect and false positives in our blank control, we should take our detection
seriously and monitor the waterflea presence regularly using multiple techniques,
including more sensitive molecular genetic makers (qPCR, ddPCR), traditional plankton
sampling and underwater cameras. It is also interesting that we detected Sliver carp and
Brown trout eDNA in Quebec City. It may because that some restaurants clean and serve
these two species and their waste may contaminate the water. For the Spiny waterflea,
since it is common in the Great Lakes (Kerfoot et al., 2011), it is possible that it has been
transported by current to be detected in Quebec City.
Among the marine sampling locations, we did not detect any AIS in Port Alberni,
Port of Halifax, Port of Vancouver and St. John’s Harbor as all the species we detected
were native to that region (but potentially invasive elsewhere). This does not mean there
are no AIS at these locations. There are a number of reasons why we did not detect AIS
at those locations. First, the population of AIS may be low, and our specific genetic
markers may not be sensitive enough to detect them. Alternatively, the marine
environment may have strong PCR inhibitors that we failed to exclude from our eDNA
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extractions. Although the primer sets were individually optimized and screened for
sensitivity, some are more sensitive than others; for example, the CytB primer for
Eriocheir sinensis (Chinese mitten crab) reached a detection limit of 4.2×10-4 ng. We
sampled the water column at 3 depths at each site (top, middle and bottom of the water
column; however, we combined the three depth replicates to extract enough eDNA for
analysis (likely due to the small amount of water filtered ~150-200 mL). Had we been
able to include the depth replicates as separate samples, we may have had more success
in detecting the expected species. Finally, the salt carry-over, combined with the
RNAlater salts may have affected the efficiency of eDNA extraction process (as
discussed in Materials and Methods; Renshaw et al., 2015).
Curiously, we generally detected more fish than invertebrate AIS, and there might be
a few reasons for this. For example, many invertebrates, such as adult Quagga mussel
(Dreissena rostriformis bugensis) and Sea Grapes (Molgula manhattensis), stay at the
bottom of the water column. This means that there might be more eDNA in the sediment
than in a surface water sample (Sakata et al., 2020). Finally, some invertebrate AIS may
not have been active when we sampled – that is, they were at low population size when
we did sampling.
Environmental DNA in water degrades over time, which seems like a negative aspect
of eDNA analyses. However, because of this degradation, eDNA detection is a more
“real-time” detection technology because it can only detect species within a few days.
Generally, eDNA degrades within one week of its shedding (Thomsen et al., 2012). Thus,
eDNA is a double-edged sword. In one hand, it is a severe challenge to use eDNA
because it is easily degraded, thus limiting available eDNA to collect (plus the
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preservation of eDNA is not straightforward). On the other hand, eDNA is an excellent
tool for near to real-time detection and thus reduces false positive to a certain extent.
Because eDNA degrades relatively rapidly in water, we can specifically detect target
species active in the period close to sampling. Other concerns, including eDNA
contamination from dead or non-viable non-native species being carried to a water
system, is less of a long-term concern for eDNA sampling because it should degrade
within a week and repeated sampling over time should detect this change.
As eDNA samples are easily contaminated, we took multiple steps to avoid and
minimize contamination, thus reducing the likelihood of false positives; however, this
may have increased our false negative rate. To minimize false negative as much as
possible, we used RNAlater to preserve our eDNA samples (Yamahara et al., 2019).
Second, 1 to 3 independent replicates of eDNA samples were collected at each sampling
site to maximize the identification of potential AIS, even given the limitations of our
detection protocols. Finally, HTS technology is extremely sensitive with over 20 million
reads per run (Liu et al., 2012) to reduce potential false negative errors.
In this project, the overall efficiency of our assays is ~38.6%, much lower than
achieved in our blind test samples (~98%; Chapter 2). While clearly more work needs to
be done to optimize the protocols used in the field, this work does show the feasibility of
using environmental DNA (eDNA) to monitor and detect aquatic invasive species (AIS).
This approach can be used as a quick and routine monitoring kit for global invasive
species management.
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Figure 3.1 Locations of the sampling sites for Canadian harbors and ports. ▲ are our sampling sites.
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Figure 3.2 Layout of the vertical water collector (a) and filter system (b).
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Table 3.1 HTS results for two locations within the Laurentian Great Lakes, the Detroit River (between Lake St. Clair and Lake
Erie) and Port of Hamilton (Lake Ontario). Reads mean the number of sequences we detected by NGS for that species. Mean
reads was calculated as an average number of reads detected in different sampling sites. Range is from the minimum number
of reads to the maximum read in different sampling sites. In the “predicted to be present column”, Y means we predict it as
positive, N mean we don’t predict it as positive. In this sampling location, we have 12 positive samples and 12 positives for
both first and second primers.
First primer

Second primer

Predicted

Species

Common name

to be

Mean

Mean

present

reads

Range

reads

Range

Detroit River
Bythotrephes longimanus

Spiny waterflea

Y

28.17

0 - 109

26.50

0 - 107

Dreissena rostriformis bugensi

Quagga mussel

Y

12.83

0 - 56

5.33

0 - 18

Lepomis macrochirus

Bluegill

Y

58.33

0 - 233

27.83

0 - 109

Micropterus salmoides

Largemouth bass

Y

10.00

0 - 59

5.33

0 - 32

Neogobius melanostomus

Round goby

Y

393.83

7 - 1099

296.00

0 - 734

84

Oncorhynchus mykiss

Rainbow trout

Y

143.17

0 - 263

3.17

0 - 15

Amia calva

Bowfin

Y

945.50

33 - 3001

1268.17

51 - 4029

Cyprinus carpio

Common carp

Y

23.00

0 - 133

5.50

0 - 32

Hypophthalmichthys molitrix

Silver carp

Y

27.83

0 - 99

22.33

0 - 71

Carassius auratus

Goldfish

Y

2.17

0 - 13

0.33

0-2

Proterorhinus marmoratus

Tubenose goby

Y

63.83

0 - 347

43.67

0 - 241

Salmo trutta

Brown trout

Y

6.83

0 - 27

1

0-5

Port of Hamilton
Bythotrephes longimanus

Spiny waterflea

Y

50.33

0 - 141

25.00

0 - 49

Micropterus salmoides

Largemouth bass

Y

9.67

0 - 56

0.33

0-2

Neogobius melanostomus

Round goby

Y

65.33

0 - 173

12.67

0 - 37

Oncorhynchus mykiss

Rainbow trout

Y

29.00

0 - 63

0.33

0-1

Cyprinus carpio

Common carp

Y

2670.17

1097 - 4903

1997.17

678 - 3783

Hypophthalmichthys molitrix

Silver carp

Y

30.50

0 - 103

15.67

0 - 46

Proterorhinus marmoratus

Tubenose goby

N

20.83

0 - 77

4.33

0 - 21
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Salmo trutta

Brown trout

Y

0.17

86

0-1

0

0-0

Table 3.2 HTS results for two locations located along the St. Lawrence River Port of Montreal and Quebec City. Reads mean
the number of sequences we detected by NGS for that species. Mean reads is calculated as an average number of reads
detected in different sampling sites. Range is from the minimum number of read to the maximum read in different sampling
sites. In the “predicted to be present column”, Y means we predict it as positive, N mean we don’t predict it as positive. In this
sampling location, we have 3 positive samples and 2 positives for both first and second primers.
First primer

Second primer

Predicted

Species

Common name

to be

Mean

present

reads

Range

Mean reads

Range

Port of Montreal
Bythotrephes longimanus

Spiny waterflea

Y

0.00

0-0

0.17

0-1

Micropterus salmoides

Largemouth bass

Y

65.17

0 - 355

38.50

0 - 214

Cyprinus carpio

Common carp

Y

133.00

0 - 297

102.67

0 – 379

Spiny waterflea

N

29.50

0 - 146

0.33

0-2

Quebec City
Bythotrephes longimanus
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Neogobius melanostomus

Round goby

Y

20.33

0 - 64

29.17

0 - 102

Oncorhynchus mykiss

Rainbow trout

Y

66.83

0 - 255

9.33

0 - 29

Hypophthalmichthys molitrix

Silver carp

N

2.67

0 - 11

0

0-0

Proterorhinus marmoratus

Tubenose goby

N

1.00

0–5

0

0-0

Salmo trutta

Brown trout

N

6.83

0 - 41

0

0-0
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Table 3.3 HTS results from two east coast (Halifax and St. John’s) and two west coast (Port of Alberni, Vancouver) water
sampling locations. Reads mean the number of sequences we detected by NGS for that species. Mean reads is calculated as an
average number of reads detected in different sampling sites. Range is from the minimum number of read to the maximum
read in different sampling sites. In the “predicted to be present column”, Y means we predict it as positive, N mean we don’t
predict it as positive. In this sampling location, we have 2 positive samples and 2 positives for both first and second primers.
First primer

Second primer

Predicted to
Species

Common name

be present

Mean reads

Range

Mean reads

Range

Halifax (East Coast)
Morone americana

White perch

Y

28.75

0 - 78

16.75

0 - 41

Morone saxatilis

Striped Bass

Y

110.75

0 - 344

61.50

0 - 201

Salmo salar

Atlantic salmon

Y

166.83

0 - 478

124.00

0 - 327

Salmo trutta

Brown trout

Y

73.50

0 - 437

48.00

0 - 271

St. John’s (East Coast)
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Port of Alberni (West Coast)
Oncorhynchus tshawytscha

Chinook Salmon

Y

8.50

0 - 32

1.75

0-7

Oncorhynchus kisutch

Coho Salmon

Y

199.75

0 - 734

227.25

0 - 803

Oncorhynchus tshawytscha

Chinook Salmon

Y

1.67

0-7

0.00

0-0

Oncorhynchus kisutch

Coho Salmon

Y

0.17

0-1

0.50

0-3

Vancouver (West Coast)
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Table 3.4 Record of every species detected at 8 sampling sites. * means this species has not been found in this specific area
and they are in broader areas.
Sampling Sites Invasive

Expected species

Detroit River

Y

*Spiny waterflea (Bythotrephes longimanus) (Kerfoot et al., 2011)

Y

Quagga mussel (Dreissena rostriformis bugensi) (Ram et al., 2011)

N

Bluegill (Lepomis macrochirus) (Klinard et al., 2018)

N

Largemouth bass (Micropterus salmoides) (Kindree & Mandrak, 2020)

Y

Round goby (Neogobius melanostomus) (MacInnis & Corkum, 2000)

N

*Rainbow trout (Oncorhynchus mykiss) (Landsman et al., 2011)

N

Bowfin (Amia calva) (Kindree et al., 2020)

Y

Common carp (Cyprinus carpio) (MacLennan et al., 2003)

Y

*Silver carp (Hypophthalmichthys molitrix) (Asian Carp Regional Coordination Committee,

Y

2016)

Y

Goldfish (Carassius auratus) (Kindree & Mandrak, 2020)

Y

Tubenose goby (Proterorhinus marmoratus) (Kindree & Mandrak, 2020)

N

White perch (Morone americana) (Mcdonald et al., 2014)
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N

Golden shiner (Notemigonus crysoleucas) (Mcdonald et al., 2014)

N

Rainbow smelt (Osmerus mordax) (Mcdonald et al., 2014)

N

Pumpkinseed (Lepomis gibbosus) (Mcdonald et al., 2014)

N

Alewife (Alosa pseudoharengus) (Eedy et al., 2004)

Y

Freshwater drum (Aplodinotus grunniens) (Eedy et al., 2004)

Y

Zebra mussel (Dreissena polymorpha) (Eedy et al., 2004)

Y

Chinese mitten crab (Eriocheir sinensis) (Galil & Minchin, 2006)

Y

Sea lamprey (Petromyzon marinus) (Roseman et al., 2007)

Y

Fish hook flea (Cercopagis pengoi) (Therriault et al., 2002)

Y

*Spiny waterflea (Bythotrephes longimanus) (Kerfoot et al., 2011)

N

Largemouth bass (Micropterus salmoides) (Bowlby et al., 2009)

Y

Round goby (Neogobius melanostomus) (Somers et al., 2003)

N

Rainbow trout (Oncorhynchus mykiss) (Karrow et al., 2003)

Y

Common carp (Cyprinus carpio) (Lougheed et al., 2004)

Port of
Hamilton
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Y

Silver carp (Hypophthalmichthys molitrix) (Asian Carp Regional Coordination Committee,
2016)

Y

Brown trout (Salmo trutta) (Mccormack & Fisheries, 2010)

N

Bluegill (Lepomis macrochirus) (Hossain et al., 2012)

Y

White perch (Morone americana) (Hossain et al., 2012)

N

Golden shiner (Notemigonus crysoleucas) (Hossain et al., 2012)

N

Rainbow smelt (Osmerus mordax) (Leslie & Timmins, 1992)

N

Bowfin (Amia calva) (Boston et al., 2016)

Y

Goldfish (Carassius auratus) (Boston et al., 2016)

N

Pumpkinseed (Lepomis gibbosus) (Leslie & Timmins, 1992)

N

Alewife (Alosa pseudoharengus) (Leslie & Timmins, 1992)

N

Freshwater drum (Aplodinotus grunniens) (Leslie & Timmins, 1992)

Y

Zebra mussel (Dreissena polymorpha) (Boston et al., 2016)

Y

Quagga mussel (Dreissena rostriformis bugensis) (Ramin et al., 2011)

Y

Fish hook flea (Cercopagis pengoi) (Hossain et al., 2012)

Y

N/A (Oithona similis) (Chain et al., 2016)
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Port of
Montreal

Quebec City

Y

*Spiny waterflea (Bythotrephes longimanus) (Kerfoot et al., 2011)

N

*Largemouth bass (Micropterus salmoides) (Pataki & Cahill, 1997)

Y

*Common carp (Cyprinus carpio) (Monette et al., 2006)

Y

Round goby (Neogobius melanostomus) (Morissette et al., 2018)

N

* Golden shiner (Notemigonus crysoleucas) (Heath & Roff, 1996)

N

* Pumpkinseed (Lepomis gibbosus) (Heath & Roff, 1996)

Y

Goldfish (Carassius auratus) (Richardson et al., 1995)

N

* Freshwater drum (Aplodinotus grunniens) (Phelps et al., 1999)

Y

Zebra mussel (Dreissena polymorpha) (Ricciardi et al., 1996)

Y

Quagga mussel (Dreissena rostriformis bugensis) (Ricciardi et al., 1996)

Y

N/A (Oithona similis) (Adebayo et al., 2014)

Y

Round goby (Neogobius melanostomus) (Morissette et al., 2018)

N

Rainbow trout (Oncorhynchus mykiss) (Thibault et al., 2010)
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Y

Chinese mitten crab (Eriocheir sinensis) (Lafontaine, 2005)

Y

Zebra mussel (Dreissena polymorpha) (Regoli et al., 2001)

Y

Quagga mussel (Dreissena rostriformis bugensis) (Casper & Johnson, 2010)

Port of Alberni N

Chinook Salmon (Oncorhynchus tshawytscha) (Atkinson, 2015)

N

Coho Salmon (Oncorhynchus kisutch) (Brouwer et al., 2014)

Y

N/A (Paracalanus parvus) (Chain et al., 2016)

Y

Orange sheath tunicate (Botrylloides violaceus) (Carver et al., 2006; Gartner et al., 2016)

Y

Golden star tunicate (Botryllus schlosseri) (Carver et al., 2006; Gartner et al., 2016)

Y

Japanese skeleton shrimp (Caprella mutica) (Gartner et al., 2016)

Port of Halifax Y

*White perch (Morone americana) (Alexander et al., 1986)

N

Striped Bass (Morone saxatilis) (Hollema et al., 2017)

Y

N/A (Oithona similis) (Chain et al., 2016)

Y

Leathery sea squirt (Styela clava) (Ma, 2014)

Y

Vase tunicate (Ciona intestinalis (Linnaeus, 1767)) (Sephton et al., 2011)
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Y

Orange sheath tunicate (Botrylloides violaceus) (Sephton et al., 2011)

Y

American slipper limpet (Crepidula fornicata) (Arribas et al., 2014)

Y

golden star tunicate (Botryllus schlosseri) (Arribas et al., 2014)

Y

Sea Grapes (Molgula manhattensis) (Ma, 2014)

Port of

N

Chinook Salmon (Oncorhynchus tshawytscha) (Qea, 2011)

Vancouver

N

*Coho Salmon (Oncorhynchus kisutch) (Qea, 2011)

Y

N/A (Paracalanus parvus) (Chain et al., 2016)

Y

Pacific oyster (Crassostrea gigas) (Brown, 1988)

Y

Japanese skeleton shrimp (Caprella mutica) (Gartner et al., 2016)

Y

Orange sheath tunicate (Botrylloides violaceus) (Gartner et al., 2016)

Y

Golden star tunicate (Botryllus schlosseri) (Gartner et al., 2016)

Y

Sea Grapes (Molgula manhattensis) (Gartner et al., 2016)

Y

Leathery sea squirt (Styela clava) (Gartner et al., 2016)
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St. John’s

N

Atlantic salmon (Salmo salar) (Warner et al., 2015)

Harbor

N

Brown trout (Salmo trutta) (Warner et al., 2015)
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CHAPTER 4 GENERAL CONCLUSION

The main goal of this project was to develop reliable, fast, and relatively inexpensive
molecular genetic tools to identify the presence and relative abundance of high-risk
invaders in water systems using eDNA. The first part of this thesis described the
development and validation of two independent primer pairs for 69 aquatic invasive
species, including a diverse range of fish and invertebrate species. The second part of this
thesis applied these molecular tools to water samples from marine and freshwater ports
sampled across Canada.
In the laboratory testing phase, before the primers were applied to water samples from
8 field sampling sites, 41 of 42 AIS DNA spiked into eDNA samples were detected in
blind tests, with no false positives identified. In the 41 positive species, we got 39
positives on first primer sets (COI), 37 positives on second primer sets, 36 positives on
both first and second primer sets. Overall, the accuracy (efficiency) of our eDNA primer
sets on spiked water samples was estimated as 98% (single marker detection positive
rate).
We also applied the developed primer sets on actual water systems in Canada. We
sampled eight locations in Canada; Detroit River, Port of Hamilton, Port of Montreal,
Port of Quebec City, St John’s Harbor, Port of Halifax, Port of Alberni and Port of
Vancouver and detected 32 positive AIS detections (with both primer sets) using eDNA
from all these sites, and 37 positive AIS detections (with just one primer set). Of those 32
positives, 28 were fish and 4 were invertebrate AIS in our panel of 69 species. Although
some of the positive AIS detections are native to the area where we detected them, 6
potential AIS were identified across the eight sampled locations. For example, Spiny
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Waterflea (Bythotrephes longimanus), Quagga Mussel (Dreissena rostriformis bugensis),
Round Goby (Neogobius melanostomus), Brown trout (Salmo trutta), Tubenose Goby
(Proterorhinus marmoratus) and Silver carp (Hypophthalmichthys molitrix) were found
in some of freshwater locations, while brown trout was also found in St John’s harbor,
which is a marine site. Generally, our 69 AIS targeted metabarcoding panel did not find
more potential invaders in saltwater locations relative to freshwater. This may be because
the salt in marine water affects the efficiency of eDNA extraction, or our marine target
species list may not be broad enough. Clearly, marine system should become areas for
further development of targeted metabarcoding approaches.
Some of the AIS detected in the Canadian aquatic eDNA have only rarely be reported
based on traditional species detection methods, likely because their populations are low at
the sampling sites. For example, silver carp (Hypophthalmichthys molitrix), was detected
in Detroit River, Hamilton Port and Quebec City. While Silver carp may be present at
low numbers now, they might become a major threat to the local ecosystems especially
the freshwater sample sites (Chick et al., 2020). This type of information highlights the
potential value of targeted metabarcoding of AIS for managing invasive species globally.
In comparison, the success rate in the lab blind samples (98%), the field eDNA
sample detection rate (38%) was not totally successful. There are several possible reasons
for this. First, some of the expected field species may not actually be present at the
specific sampling sites or during the sample season. We would recommend doing
sampling regularly (across seasons) in future work. Second, our samples from marine
sites have a lower success rate than freshwater port samples. It could be that salt in
samples (combined with the RNAlater), or some other compound, interferes or blocks the
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DNA extraction process (Renshaw et al., 2015). We can optimize our DNA extraction
technology to minimize the interference by salt content or marine PCR inhibitors. Third,
our expected species table (Table 3.4) was created based on published reports of species
presence. Some of those reports may be old and the identified species may no longer be
at our sampling sites. Last, our sampling strategy and experiments may also need to be
optimized and upgraded. Samples from top, mid and bottom are mixed to acquire
maximum coverage and time-efficiency, however, this may cause eDNA concentration
too low to be detected because bottom water contains more eDNA (Holman et al., 2019).
However, it is important to remember that there may be false positive and/or false
negative errors in any eDNA project. False positive detections may happen due to
contamination in both the field and lab. However, our Chapter 2 results indicate that false
positives due to lab contamination should be minimal. This may be due to our consistent
cleaning and disinfection of our lab environment coupled with the rarity of most of the
targeted species, making cross-contamination unlikely. Furthermore, false negative
detections are the most important for AIS monitoring and management, although false
negatives are more difficult to minimize relative to false positives. Although our targeted
metabarcoding is highly sensitive for most of the 69 species (Chapter 2) and we sampled
multiple locations and depths at each sampling site, false negatives are still possible.
Since newly established AIS may have low abundance or they may be located
downstream of the sampling sites, it is difficult to even estimate the likelihood of false
negative in these circumstances. As the goal of our research is to build reliable, fast, and
inexpensive molecular genetic tools for globally high-risk AIS, we successfully
optimized our assays and methodology to reduce false positive and false negative,
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maximized the sensitivity of our PCR assays tested for the effects of interference on our
targeted metabarcoding. Our assay can be used for monitoring AIS as a routine process
for early detection.
Taxonomic identification of multiple species from one eDNA sample using genetic
assays coupled with HTS is metabarcoding (Deiner et al., 2017). Metabarcoding has
multiple advantages compared to traditional methods to detect and identify species from
eDNA. First, metabarcoding does not allow taxonomic misidentification comparing to
traditional detection assays (Comtet et al., 2015). We will get ~300bp DNA sequence for
each species from HTS, from which we can compare to the sequence databases. Second,
while metabarcoding does not have as high sensitivity as qPCR, it can detect species at
very low population levels (Dejean et al., 2012; Ficetola et al., 2008).
In aquatic ecosystem, eDNA metabarcoding is ideal as it can detect cryptic species or
be effective in low visibility (Darling & Mahon, 2011). Additionally, eDNA
metabarcoding, can positively detect species at any life stages. eDNA should be the same
across all life history stages even for species that undergo major morphological changes
throughout their lifetime. Thus, while eDNA metabarcoding avoids the problems of
distinguishing the difference among the life stages, traditional assays must be used to
identify which life stage is present (Choquet et al., 2018).
There are also some technical aspects worthy of further investigation. First, most of
our eDNA samples were collected nearshore or from docks, which may cause some false
negative errors because of known eDNA distribution variations between inshore and
offshore habitats. In future work, we can collect more diverse (offshore) eDNA samples
to increase sample size and include water samples from other areas of targeted ports
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where different species may be present. Second, it is highly time consuming to use our
targeted metabarcoding approach with PCRs amplified one primer at a time - To save
time and lab costs, we can create and optimize multiplex primer sets based on primer
melting temperatures and Mg2+ concentration.
Overall, our eDNA metabarcoding analysis data showed a higher detection rate of
AIS in the freshwater samples than in marine water samples. There are many possible
reasons for this. First, eDNA may degrade faster in salt water than in fresh water. There
is no research comparing the degradation rates between salt water and fresh water, which
should be part of future work on using eDNA to monitor AIS broadly. Second, the salt
concentration in marine water samples may interfere the eDNA extraction process. We
can modify and optimize the eDNA extraction protocol to eliminate this possible
interference. In this circumstance, the target species list should be customized for
different sampling sites. Finally, species abundance is known to vary across seasons, thus
we should perform AIS monitoring in different seasons and design larger sampling size
for each location.
Aquatic Invasive species (AIS) surveillance by using eDNA is now widely accepted.
AIS monitoring using eDNA occurs in multiple countries and regions including the USA
(Pukk et al., 2021), Canada (Leblanc et al., 2020), China (Li et al., 2019) and Europe
(Pont et al., 2021) among others. The most common approach to detect invasive species
with genetic techniques are qPCR assays (Darling & Blum, 2007). Our approach was to
use HTS to identify the target species, which we felt was a better approach compared to
qPCR for a number of reasons. First, HTS is more time efficient and less expensive
because it can run multiple samples at one time and secondly, HTS is more reliable for
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taxonomic identification as it identifies a species based on the sequence of the target
DNA regions.
It is important to note that this approach not only can detect presence/absence of AIS,
it can also detect rare/endangered native species to help in the conservation of ecosystem
health. For example, Rocky Mountain tailed frogs (Ascaphus montanus) and Idaho giant
salamanders (Dicamptodon aterrimus) were detected in northwest region of United States
by using specific primers and HTS (Goldberg et al., 2011). We can upgrade that approach
and target more species (invasive and endangered native species) based on the work
reported here. Furthermore, targeted metabarcoding could be used for routine
ecosystem/community monitoring to detect subtle changes indicative of possible
ecological impacts. Thus, targeted metabarcoding could be used to monitor invasive
species, endangered native species and aquatic community composition all at once.
Overall, our tools to detect AIS in early stage is reliable, fast and relatively
inexpensive, which contributes to the science and management of invasive species. First,
we optimized the assays of eDNA detection for aquatic target species (invasive species in
our case, but it could eb applied to endangered species, etc.). However, clearly additional
research that builds on our work. First, our target species list can be added to cover more
species. Second, more sampling sites should be included, not limited on Canadian
harbors. Third, sediment from water systems should be included because some AIS just
stay near the bottom and their eDNA would be mostly concentrated in the bottom of the
water column and eventually merge into sediment. For example sediment eDNA
detection of Round goby (Neogobius melanostomus) showed high levels of success
(Nevers et al., 2020), while more AIS from sediment sample eDNA than water sample
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eDNA in marine systems was detected (Holman et al., 2019). Last, the speed of eDNA
degradation in marine water and fresh water can be compared to optimize this assay.
To conclude, this project proposed, optimized and tested a new approach to detect
AIS (or any low-density species). This approach is able to detect multiple targeted
species at one time, which saves time and contributes to global AIS early detection (rapid
response) and routine monitoring.
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